Tetramic acid derivatives are an important class of nitrogen heterocycles with a pyrrolidine-2,4-dione core as a key structural motif. From the sponge-derived fungus Beauveria bassiana, a new equisetin-like tetramic acid derivative, beauversetin (1), was isolated. The sea weed-derived fungus Microdiplodia sp. produced the tetramic acid derivative 2 (Sch210972) which was shown to inhibit human leucocyte elastase (HLE) with an IC 50 of 1.04 µg mL -1 .
Tetramic acid derivatives are an important class of nitrogen heterocycles with a pyrrolidine-2,4-dione core as a key structural motif. They display a wide range of biological activities including antibiotic, antiviral, antifungal and cytotoxic effects, as well as enzyme inhibitory activities against bacterial DNAdirected RNA polymerases and β-secretases [1] [2] [3] [4] [5] [6] [7] [8] . Tetramic acid derivatives with an attached bicyclic hydrocarbon moiety are designated as equisetin-like. Equisetin itself has been found in a Fusarium species [9] while other equisetin derivatives came from Trichoderma [10] , Paecilomyces [11] , Coniochaeta [12] , Phoma [13] or Alternaria spp. [14] . Here we describe two 3-decalinoyltetramic acid derivatives 1 and 2 from the marine-derived fungi Beauveria bassiana and Microdiplodia sp., with cytotoxic and enzyme inhibitory activity against human leucocyte elastase (HLE).
The fungus Beauveria bassiana from terrestrial sources is a well-known insect pathogenic mitosporic fungus and the most widely used mycopesticide for biological control of insect pests [15] . It has been shown to produce several secondary metabolites, including the antibiotic and cytotoxic cyclic peptides beauvericin [16] , bassianolide [17] , and beauveriolides [18] , the antiviral 2-pyridone tenellin [19] , and the dibenzoquinone oosporein [20] .
Fungi of the genus Microdiplodia have not been widely investigated. Some of these species are known to be plant pathogens that cause stem rot [21] . Only a few secondary metabolites have been isolated from Microdiplodia spp., among these are the xanthone derivatives 2-hydroxyvertixanthone, vertixanthone and barleriaquinone II, the anthraquinone chryso-phanol and the steroid ergosterol [22] .
During our screening for new and cytotoxic fungal metabolites, we embarked into a study of the marinederived fungus B. bassiana that was isolated from the sponge Myxilla incrustans, collected from the North Sea. Tetramic acid derivatives have been found in sponges. One example being the cytotoxic compound discodermide, isolated from Discodermia dissoluta [23] . However, to date, no tetramic acid derivatives have been isolated from Myxilla spp.
A crude extract showed significant cytotoxicity and was thus chosen for further examination. Bioassayguided isolation led to the discovery of a new equisetin-like tetramic acid derivative, beauversetin 1. To our knowledge, 1 is the first equisetin analogue isolated from a Beauveria sp. The structure elucidation was based on 1 H-and 13 C-NMR spectroscopy, mass spectrometry, UV and CD measurements. Additionally, the two known furan derivatives 2-furoic acid and 5-hydroxymethyl-furan-2-carboxylic acid [24] , and the depsipeptide beauvericin [16] were isolated.
From Microdiplodia sp., we have isolated the tetramic acid derivative 2 (Sch210972) [25] . The compound showed good activity in the HLE inhibition assay with a mean IC 50 value of 1.04 µg mL -1 . Compound 2 represents a new structural type for the development of HLE inhibitors. HLE belongs to the chymotrypsin family of serine proteinases. HLE is located in the azurophilic granules of polymorphonuclear leukocytes and is involved in the migration of neutrophils from blood to various tissues such as the airways in response to chemotactic factors [26] . HLE is capable of degrading a variety of structural matrix proteins. It is believed that HLE plays a role in several diseases, such as pulmonary emphysema [27] , chronic bronchitis [28] , acute respiratory distress syndrome (ADRS) [29] , and other inflammatory diseases [30] [31] [32] .
Beauveria bassiana was isolated from the sponge Myxilla incrustans, collected from the waters around the island of Helgoland. The fungus was cultivated at room temperature for five weeks on solid biomaltglucose medium (11L) and then extracted with EtOAc, which yielded 7.25 g of crude extract. Successive fractionation via column chromatography led to the isolation of compound 1. The structure of 1 was determined by extensive ESI-mass spectrometry in addition to NMR studies ( 1 H-and 13 C-NMR, DEPT 135, 1 H-1 H COSY, 1 H-13 C HMBC, 1 H-13 C HSQC, ROESY) and selective NOE spectra.
ESI mass spectral analysis indicated a molecular weight of 399, which was confirmed by high resolution mass measurement to give the molecular formula C 24 H 33 NO 4 , implying 9 double bond equivalents. The 13 C-NMR and DEPT spectra however, only showed 21 carbon signals. Four of these could be determined as methyl groups, two of which (CH 3 -17 and CH 3 -18) had to be bound to a double bond. The resonance signal for CH 3 -19, showing a doublet and possessing a chemical shift of δ 0.91 in the 1 H-NMR spectrum, was located on a sp 3 hybridized carbon and CH 3 -12 was bound to a quaternary carbon. Four of the 13 C-NMR resonances were due to CH 2 moieties, ten were assigned as methines and three as quaternary carbons as indicated by the DEPT spectrum. At this point, it was anticipated that the three missing carbon resonances, according to the molecular formula were non detectable due to their quaternary nature and possible tautomerization.
The clear deduction of homo-and heteronuclear couplings proved to be extremely difficult due to many overlapping signals, however, the elucidation of the planar structure was possible based on a few distinctive 1 H-1 H COSY and 1 H-13 C HMBC correlations. Interpretation of the 1 H-1 H COSY spectrum enabled us to elucidate four fragments of the structure of 1 (Figure 1 ).
Proof for the connection of the described fragments came from interpretation of 1 H-13 C HMBC data. The linkage of fragments 1 and 2 was clear from HMBC correlations observed from H-3 to C-5 and C-18. HMBC long-range correlations between H-7 a and C-5 led to the linkage of fragments 2 and 3 via CH 2 -7. C-2 and C-3 are connected due to an observed HMBC correlation from H-3 to C-2, and CH 3 -12 must be linked to C-2, as interpreted from the 1 H-13 C HMBC correlations for H 3 -12 to C-2. Ring closure was indicated by connection of CH-11 and C-2 based on an observed ROESY correlation between H-11 and H-13, indicating a spatial closeness of these protons and suggesting a decalin system within 1. This assumption was secured from further HMBC, and also ROESY correlations, as well as comparison of NMR data with those of similar structures [33] . Thus connection of C-6 and C-11 was confirmed by comparison of the chemical shifts for these carbons with those published for phomasetin [33] , showing close to identical data, which makes a bicyclic decalin moiety ( Figure 1 ) most likely.
Remaining to be assigned at this point were the nitrogen atom as well as the quaternary carbon resonating at δ 102.9, and three further probably quaternary carbons not detectable in the 13 C-NMR spectrum. Furthermore, fragment 4 had to be incorporated into the structure of 1. The weak 13 C-NMR signal and the unusual chemical shift of C-3' (δ C 102.9) indicated that C-3' was part of a double bond in conjugation with carbonyl or carbonhydroxyl functionalities allowing tautomerization reactions. These features, including the presence of the nitrogen atom suggested a tetramic acid moiety with ring closure via C-5' (δ C 63.2). C-1, the third quaternary carbon in neighbourhood to C-3', together with an attached hydroxyl group is then part of the tautomeric system neighbouring C-3', linking the tetramic acid moiety to the decalin system. This suggestion also matched with the number of double bond equivalents remaining to be accounted for, and the accurate mass determined for 1. The possibility of keto-enol tautomerization within this substructure may explain the absence of signals for C-2', C-4' and C-1 and the only weak signal of C-3' in the 13 C-NMR spectrum of 1. For other "Setins" it has been reported that 13 C-NMR signals for the carbons C-2', C-4' and C-1 were non-detectable, which in a few cases could be solved by measuring the sample at -20°C [34] .
Comparison of the NMR data of 1 with those of other equisetin-like derivatives, e.g. phomasetin and equisetin, revealed almost identical spectroscopic data and thus confirmed the deduced structure for 1 [33, 34] . Significant differences in the 1 H and 13 C-NMR chemical shifts for phomasetin [33] and 1 were only present for the tetramic acid fragment. Thus, taking into consideration the lack of the N-methyl signal in the 1 H-and 13 C-NMR spectra of 1, the methyl group connected to the nitrogen N-1', as it is the case for phomasetin, was replaced by a hydrogen atom in 1. This is also consistent with the mass spectral data, showing a mass reduction of 14 Da compared to the molecular weight of phomasetin. Unfortunately, due to overlapping signals in the 1 H NMR spectrum, selective NOE measurements did not give any further information regarding the relative configuration at C-8. However, to date, all "Setins" reported in the literature possess the same relative configuration at C-8, with CH 3 -19 being β and at the same side of the molecule as the proton at C-11.
Due to the lack of signals in the ROESY spectrum, the stereochemistry of the tetramic acid part could only be solved by a combination of CD-spectroscopy and a careful interpretation of the NMR data after epimerization of 1 in pyridine. First, a CD spectrum was recorded that showed Cotton effects with maxima at 201 nm (∆ε = -2.4), 236 (+ 6.9), 258 (+ 1.2) and 278 (+ 4.8). Also, the specific optical rotation (+122) was measured, and all chiroptical data were compared with the values reported for phomasetin and equisetin ( Table 2 ) [33] . The measured data proved to be comparable to those for phomasetin, and were opposite to those of equisetin. Downfield shifts for H-5' and H-6' b (δ 3.83 and δ 3.65) were observed in an HSQC spectrum for the 5'-epimer of 1, a fact also observed for phomasetin and equisetin [33] . These results led to the conclusion that C-5' is most probably the R-configuration, as in phomasetin. For compound 1, the trivial name beauversetin is proposed.
The endophytic ascomycete Microdiplodia sp. was isolated from the green seaweed Enteromorpha sp. collected from the Baltic Sea waters around the island of Fehmarn. The fungus was cultivated at room temperature for eight weeks on solid malt-yeast agar medium. The culture media (10.5 L) were then extracted with ethyl acetate to afford 5.9 g of crude extract, which was subjected to successive column chromatography, resulting in the isolation of compound 2. Extensive evaluation of one and two dimensional NMR and mass spectrometric data indicated the presence of a tetramic acid structural part and a hydrocarbon-type subunit and thus to possess a similar chemical structure as compound 1.
The obtained NMR data as well as the measured optical rotation ([α] 22 D = + 55.5) were thus compared with values published in the literature for other, structurally similar tetramic acid derivatives. The spectroscopic data of compound 2 revealed to be identical with those of the tetramic acid derivative Sch210972 [25] . The structure of compound 2 is thus determined to be identical to that of Sch210972.
The biological activity of the 3-decalinoyltetramic acids 1 and 2 was evaluated in different assays. A sample of compound 1 revealed moderate activity in a cytotoxicity test using a 6 cell line panel for a monolayer assay (mean IC 50 3.09 µg mL -1 ). Cytotoxic activity for 1 is in good accordance with published data for similar structures like paecilosetin, which shows an IC 50 of 3.1 µg mL -1 [11] . Compound 2 showed good activity in the HLE inhibition assay with a mean IC 50 value of 1.04 µg mL -1 . To our knowledge, this activity is reported for a tetramic acid for the first time. Compound 2 was inactive (IC 50 > 30 µg mL -1 ) towards other serine hydrolases (cholesterolesterase, acetylcholinesterase, trypsin). Furthermore, 2 showed moderate antibiotic activity against B. megaterium (growth inhibition zone of 1.5 mm at a concentration of 50 µg/disk). 
Experimental

Agar diffusion assay:
Compounds 1 and 2 were tested in agar diffusion assays [35] against the bacteria Bacillus megaterium and Escherichia coli, the fungi Microbotryum violaceum, Eurotium rubrum, and Mycotypha microspora, and the green microalga Chlorella fusca at a 50 µg/disk level. 1 was found to be inactive while 2 exhibited moderate antibiotic activity against B. megaterium (growth inhibition zone 1.5 mm).
Antitumor testing
Monolayer assay: Cytotoxicity of compounds 1 (80% pure) and 2 was investigated using a modified propidium iodide assay to determine the cytotoxic activity of the compounds against human tumor cell lines. The test procedure is described elsewhere [36] . Cell lines tested were derived from patient tumors engrafted as a subcutaneously growing tumor in NMRI nu/nu mice, or obtained from the American Type Culture Collection, Rockville, MD, USA, National Cancer Institute, Bethesda, MD, USA, or Deutsche Sammlung von Mikroorganismen und Zellkulturen, Braunschweig, Germany. Briefly, human tumor cells lines were grown at 37°C in a humidified atmosphere (95% air, 5% CO 2 ) in monolayer cultures in RPMI 1640 medium supplemented with 10% FCS and phenol red (PAA, Cölbe, Germany). Cells were trypsinized and maintained weekly. Cells were harvested from exponentially growing cultures by trypsination, counted and plated in 96-well flat-bottomed microplates (140 μL cell suspension, 5 × 10 3 to 10 × 10 3 cells per well). After a 24 h recovery to allow cells to resume exponential growth, 10 μL of culture medium (6 control wells per plate) or medium containing the test drug were added to the wells. Each drug concentration was plated in triplicate. After 4 d of incubation the culture medium was replaced by fresh medium containing 6 μgmL -1 of propidium iodide. Microplates were then kept at -18°C for 24 h, to give a total cell kill. After thawing of the plates, fluorescence was measured by using the Cytofluor 4000 microplate reader (Perseptive Biosystems) (excitation 530 nm, emission 620 nm). The amount of viable cells was proportional to the fluorescence intensity. Enzyme inhibition assays: Assays for porcine cholesterolesterase, acetylcholinesterase (Electrophorus electricus) and bovine trypsin were performed as described [37] . Human leukocyte elastase was assayed spectrophotometrically at 405 nm at 25°C [38] . Assay buffer was 50 mM sodium phosphate buffer (500 mM NaCl, pH 7.8). A stock solution of the chromogenic substrate MeOSuc-Ala-Ala-Pro-Val-NHNp was prepared in DMSO and diluted with assay buffer. Final concentration of DMSO was 1.5 %, the final concentration of the chromogenic substrate MeOSuc-Ala-Ala-Pro-Val-NHNp was 100 µM. Assays were performed with a final HLE concentration of 50 ng mL -1 , which corresponded to an initial rate of 0.7 µM min -1 . An inhibitor solution (10 µL) and the substrate solution (50 µL) were added to a cuvette that contained the assay buffer (890 µL), and the solution was thoroughly mixed. The reaction was initiated by adding the HLE solution (50 µL) and was followed over 10 min. IC 50 values were calculated from the linear steady-state turnover of the substrate. An IC 50 value of 1.04 ± 0.16 µg mL -1 was determined from duplicate measurements with 5 different concentrations (1-5 µg mL -1 ) of compound 2.
Supplementary data: 1 H and 13 C NMR spectra of compounds 1 and 2, 2D NMR spectra of 1, CD spectrum of 1.
